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BACKGROUND OF THE INVENTION
The present invention relates to an oil recovery pro cess in which an aqueous alkaline solution containing a water-soluble polymer for reducing the mobility of the solution is injected into a subterranean reservoir to displace oil within the reservoir to a production loca tion. More particularly, the invention relates to such a process in which the aqueous alkaline solution has been substantially freed of dissolved oxygen and is thickened with a partially hydrolyzed polyacrylamide polymer.
With respect to fluid drive oil recovery processes, it it known to use water-soluble anionic polymers as mo bility reducing agents. higher in the case of higher-molecular-weight polymers (e.g. molecular weights of at least 700,000 or more). The patent is specifically directed to treating polymers in which no more than 50 mole percent of amido groups within a homopolymer may be converted to other func tional groups, such as acrylate groups formed by means of chemical reactions such as alkaline hydrolysis. The specified stabilization is said to be accomplished by adding at least one type of 2-mercaptobenzothiazole or its water-soluble salt to the polymer.
In an oil recovery process in which oil is displaced within a subterranean reservoir by injecting a polya crylamide-polymer-thickened aqueous alkaline solu tion, relatively unique problems are created by factors such as the solution alkalinity, the reservoir tempera ture, the duration of the operations, etc. the presence of an alkaline solution, the hydrolysis pro vides a beneficial effect by increasing the viscosity of the polymer solution.
The chemical composition of water-soluble poly acrylamide polymers which are effective as water thickening agents for aqueous alkaline solutions is such that the polymers are susceptible to chemical degrada tion. Such a degradation, which increases with increas ing temperature, reduces the viscosity of a solution containing the polymers. The typical cause of such a degradation is a free-radical reaction. Free-radical reac tions are usually those initiated when the polymer solu tion is mixed with air or oxygen. Such an oxygen-con taining mixture tends to form hydroperoxides, and it is the decomposition of the hydroperoxides to peroxide radicals that initiate polymer degradation.
SUMMARY OF THE INVENTION
The present invention relates to an oil recovery pro cess in which oil is displaced within a subterranean reservoir by injecting an aqueous alkaline solution that is substantially free of dissolved oxygen, has a pH about 10, and is thickened with a partially hydrolyzed poly acrylamide having molecular weight exceeding about 5 million, where said polymer, at least soon after entering the reservoir, contains significantly more than about 50 mele percent of acrylate groups formed by alkaline hydrolysis of amido groups. An improvement is ef fected by formulating the solution to be injected so that it contains effective amounts of each of a water-soluble sulfur-containing oxygen scavenger and a 2-mercap tobenzothiazole antioxidant or stabilizer of the formula: S where R represents one or more hydrogen atoms or lower hydrocarbon radicals and X represents a hydro gen atom or other monovalent cation. A readily-oxidiz able alcohol or glycol may also be included. The aqueous liquid used in the present process is an alkaline solution, having a pH above about 10. Such a solution preferably has a total dissolved salt content of not more than about 100,000 ppm and a hardness com patible with the alkalinity of the solution. When deoxy genated for use in the present process, such a water is preferably substantially completely free of dissolved oxygen and its total dissolved salt content preferably includes from about 100 to 500 parts per million SO3 group-containing oxygen scavenger (in terms of SO3 is group equivalent).
Numerous types of materials and techniques for treat ing aqueous solutions to remove dissolved oxygen are known to those skilled in the art. Water-soluble inor ganic compounds that contain or form ions having an 40 SO3 group are particularly suitable oxygen-scavengers for use in the present oil recovery process. Such com pounds include water-soluble alkali metal sulfites, bisul fites, dithionites, etc. As known to those skilled in the art, such an oxygen scavenger is preferably used in a 45 stoichiometric excess, relative to the amount needed to remove substantially all of the dissolved oxygen in the solution being treated. Such an excess is preferably from about 10 to 500% more than stoichiometric. The stoi chiometric excess in the present process depends upon 50 the total amount of oxygen in the make-up brine, and the amount of oxygen which contacts the solution dur ing mixing and injection into the reservoir. In the alka line solution of the present invention, the oxygen scavenger is preferably an alkali metal dithionite. 55 As known to those skilled in the art, in an oil recov ery process in which fluids are displaced within a sub terranean reservoir by injecting a viscosity-enhance aqueous solution, the effective viscosity (or reciprocal mobility within the reservoir) should be at least substan-60 tially equal to and preferably greater than that of the fluid to be displaced. In the present process, the concen tration of polyacrylamide polymer in the injected solu tion should be in the order of about 500 to 3,000 parts by weight of the polymer per million parts by weight of 65 aqueous liquid. Such concentrations are generally capa ble of providing viscosities in the order of from about 4 to 50 centipoises at room temperature in a water con It is known that a rigorous exclusion of oxygen from a polymer solution can stabilize the solutions at rela tively high temperatures. Polymer-stabilizing materials usually comprise additives which function as oxygen scavengers or antioxidants, but most of those materials which are useful in neutral solutions, such as formalde hyde or thiourea, are chemically unstable in alkaline solutions.
Water-soluble anionic polymers suitable for use in the present invention include essentially linear high molec ular weight polyacrylamide polymers and/or copoly mers, which have some or substantially all of the amido groups hydrolyzed to, or replaced by, carboxyl groups. Examples of suitable partially hydrolyzed polyacryl amide polymers have molecular weights exceeding about 5 million and, at least soon after being injected into a reservoir being treated, become polymers con taining more than about 50 mole percent carboxyl, or acrylate groups. Examples of particularly suitable poly The alcohols or glycols which may be included in the present process encompass substantially any water-solu ble, readily oxidizable alcohol, or glycol. Such com pounds are typified by the capability to protect a water soluble anionic polymer solution from drastic loss of viscosity during overnight storage at 80' C. with 36 ppm hydrogen peroxide at atmospheric pressure. Exam ples of such compounds include methanol, ethanol, allyl alcohol, isopropyl alcohol, isobutyl alcohol, ethylene glycol, and the like. The readily oxidizable alcohol or glycol concentration can be from about 50 to 5,000 parts per million, and preferably from about 500 to 2,000 parts per million.
Since the degradation of polymers does not occur instantaneously, and is dependent on temperature, a relatively quick, but effective screening procedure to evaluate inhibitor effectiveness has been developed.
This comprises adding to polymer-thickened solutions, such as a polyacrylamide polymer solution, chemicals which are capable of immediately forming reactive radicals similar to those which would subsequently be formed from dissolved oxygen. Such chemicals can S 4,925,578 5 include hydrogen peroxide, substituted peroxides, or ammonium peroxysulfate, which dissociate in water to produce peroxide radicals. The polymer degradation process is accelerated by providing a relatively high concentration of these free radicals in the solution. The 5 stoichiometric proportions of the inhibitor chemicals, such as the present mercaptobenzothiazoles, are signifi cantly higher, so that a fair test of their inhibitor effec tiveness is provided. It was found that meaningful indi cations of inhibiting capabilities are obtained by deter mining a ratio comprising the viscosity of the polymer solution after 24 hours divided by the viscosity of the freshly prepared solution.
Typical 24-hour screening tests and the compositions of the tested fluids are presented in Table I . All of the aqueous alkaline polymer solutions used in the tests described herein had a pH of about 13 and contained amounts of polymer providing an initial solution viscos ity of about 30 centipoise. In each of the tests, the solutions were prepared by using an oxygen scavenger (sodium dithionite) along with an antioxidant or free-radical deactivator and a 55 sacrificial agent such as an alcohol or glycol. As indi cated by tests 1 and 3, the tetraethylenepentamine (TEPA) and allyl alcohol system was only marginally effective in the alkaline solution containing ammonium peroxysulfate, although TEPA is commonly used as a 60 stabilizer for water-soluble polymers and is available from Union Carbide under the trade name Ucar. The activity of ammonium peroxysulfate in generating free radicals is shown by the fact that when it was absent, in Test 2, the TEPA-containing solution showed good stability at 70° C.
The additive combination of Test 5, including TEPA and 2-mercaptobenzimidazole (2-MBI) is currently pro 65 6 hibitively expensive for use as an inhibitor in an oil recovery process. Test 6 showed the very significant stabilization provided by the 2-mercaptobenzothiazole (2-MBT) stabilizer of the present invention. The mer captobenzothiazole is a compound widely used in com mercial operations, such as rubber vulcanization, and is considerably less expensive than mercaptoben zimidazole. Test 6 used an unnecessarily large propor tion of methyl alcohol but resulted in a solution in which the viscosity increased above the initial value. Such an increase in viscosity is common for polyacryl amide solutions which have been stabilized. The in crease in viscosity is not caused by the additive but is a result of alkaline hydrolysis of some of the amide groups of the polymer. FIG. 1 shows a plot of viscosity degradation in 24 hours at 80 C. in aqueous alkaline solutions containing 2500 ppm polyacrylamide, 100 ppm sodium dithionite, 1% sodium hydroxide and 1.5% sodium chloride with increasing "fractions of a package' of stabilizer consist ing (in total) of 1000 parts per million of 2-mercaptoben zothiazole and 1.67% methyl alcohol. As indicated, there was no loss in the effectiveness occurring when the full package amount was reduced to half, but after that, significant further reductions in the stabilizer re sulted in losses of performance. In these tests the lowest effective concentration was about 500 ppm 2-MBT, 8300 ppm methanol and about 100 ppm sodium dithio nite. Similar tests of the effect of alcohol concentration have indicated a nearly equal performance for methanol concentrations between about 2100 to 8300 ppm, with 500 ppm 2-MBT.
The total amount of oxygen which can contact an aqueous polymer solution is a critical factor regarding the rate and extent of the degradation of solution viscos ity. When a particular kind and amount of inhibitor causes a particular polymer to remain stable through a given period, it is apparent that the inhibitor package is sufficient for controlling degradation for that amount of oxygen. Viscosity debilitation tests are commonly per formed by heat-selling polymer solutions within glass containers, such as 20 cc Wheaton glass ampules. When such ampules are filled with liquid, with minimum space being allowed for the heat-selling operation, about a 5 cc air space remains. In view of this, a new technique and apparatus has been developed for ensuring that less air is allowed to contact the polymer. FIG. 2 is a schematic illustration of the present tubu lar viscosity monitoring apparatus. The liquid to be tested is placed in tube 1, and heat-sealed under a vac uum. When such a tube is sealed with the air space under a vacuum, the difference in the air space volume relative to that in a non-vacuum-sealed glass ampule is such that about 20 times fewer oxygen molecules are present in the space within the vacuum-sealed tube. The tube 1 is provided with a small Teflon ball 2. A pair of timing marks 3 and 4 are provided for indicating when the ball has traveled a given distance within the liquid. A guide for maintaining the liquid-containing tube in a given vertical alignment is provided by inclined plane 5 which supports the tube at a suitable angle, about 30 degrees from horizontal.
In a preferred procedure a fall-time (or roll-down time) measured for a freshly prepared polymer solution is compared with that for the same solution after stor age. While not identical, such fall time ratios are roughly equivalent to solution viscosity ratios. Where 4,925,578 7 greater accuracy is desired, calibration curves can be made from polymer solutions of differing viscosities, with such a curve preferably being measured for each particular type of polymer. These viscosity testers allow long-term evaluations of the effectiveness of pol ymer degradation inhibitors at various temperatures.
For the long-term tests, the polymer solutions were stored without artificially high concentrations of free radicals. The data from the long-term tests differ from those of the short-term screening tests. In the long-term tests, little difference was apparent for the 2-MBT sys tem with or without the added methanol. The data in Table II are illustrative of this point. The viscosity ratios shown are considered to be within experimental ero. The explanation for this result lies in the role the alcohol plays in the thermal-oxidative degradation pro cess. Unlike 2-MBT, which functions as a true oxidation inhibitor by deactivating free radicals, an alcohol deac tivates free radicals, but in the process becomes a free radical itself. Consequently, while 2-MBT stops the chain of free radical reactions that lead to polymer degradation, an alcohol can only modify that chain. Because of that characteristic, alcohols are called "chain transfer agents'.
In the accelerated test, 500 ppm of 2-MBT provides about as many inhibitor molecules as there are free radicals. That is not enough 2-MBT to prevent many of the free radicals from finding polymer molecules to attack. However, if many molecules of alcohol are pres ent (2000 ppm of methyl alcohol provides about 20 times as many alcohol molecules as there are free radi cals in the accelerated test), chances favor free radical deactivation by alcohol before the free radicals can attack polymer. Of course, the alcohol is then a free radical, but it is not as reactive as the original free radi cal, and it too can be deactivated by another alcohol molecule which becomes a free radical. Ultimately, this chain of alcohol free radicais is stopped by 2-MBT.
But in the long-term storage tests, in which the con centration of free radicals is not artifically high, alcohol is not needed. Five hundred ppm of 2-MBT is enough to deactivate the low concentration of naturally-occurring free radicals before they can attack polymer. If an alco hol molecule is there to enter into a chain transfer reac tion, it does no harm, but neither does it do any good. Consequently, inclusion of an alcohol in the inhibitor package appears unnecessary for actual field use. spectively, a xanthan gum polymer, a hydroxyethyl cellulose, and a polyacrylamide polymer in solutions stabilized in accordance with the present invention. In addition to the indicated kinds and amounts of poly mers, each of the solutions contained 1% sodium hy droxide, 1.5% sodium chloride, 500 ppm 2-mercap tobenzothiazole, 2100 ppm methyl alcohol and 100 ppm sodium dithionite. Each of the solutions had a pH of about 13 and was maintained for the indicated time at 165 F. Although the 2-MBT stabilizer is effective for the hydroxyethyl cellulose and polyacrylamide poly mer solutions, it appears to be ineffective for the xan than gun polymer solution.
Various modifications of the invention described will become apparent to those skilled in the art from the foregoing description, and such modifications are in tended to fall within the scope of the subject invention.
What is claimed is:
1. An aqueous alkaline polymer solution, suitable for use in an alkaline enhanced oil recovery process, com rising:
an aqueous alkaline solution having a pH above about 10; a partially hydrolyzed polyacrylamide polymer which has a molecular weight exceeding about 5 million and, at least soon after entering the reser voir, contains more than about 50 mole percent of acrylate groups; a water-soluble, sulfur-containing oxygen scavenger; an antioxident stabilizer of the formula: R -Sx S wherein R represents one of more hydrogen atoms or lower hydrocarbon radicals and X represents a hydrogen atom or other monovalent cation, and 4,925,578 9 wherein said antioxidant stabilizer is present at a concentration of at least about 50 parts per million; and a readily-oxidizable alcohol or glycol.
2. An aqueous alkaline polymer solution, suitable for use in an alkaline enhance oil recovery process, com prising:
an aqueous alkaline solution having a pH above about 10; a partially hydrolyzed polyacrylamide copolymer which has a molecular weight exceeding about 5 million, and which, at least soon after entering the reservoir, contains more than about 50 mole per cent carboxyl or acrylate groups; a water-soluble, sulfur-containing oxygen scavenger; an antioxidant stabilizer of the formula: R S wherein R represents one or more hydrogen atoms or lower hydrocarbon radicals and X represents a hydrogen atom or other monovalent cation, and wherein said antioxidant stabilizer is present at a concentration of at least about 50 parts per million; and a readily-oxidizable alcohol or glycol. 7. The composition of claim 1 wherein the antioxi dant stabilizer is 2-mercaptobenzothiazole.
8. The composition of claim 2 wherein the antioxi dant stabilizer is 2-mercaptobenzothiazole.
9. An aqueous alkaline polymer solution, suitable for use in an alkaline enhanced oil recovery process, com prising:
an aqueous alkaline solution having a pH above about 10; a partially hydrolyzed polyacrylamide polymer or copolymer which has a molecular weight exceed ing about 5 million and, at least soon after entering the reservoir, is more than about 50% hydrolyzed:
a water-soluble, sulfur-containing oxygen scavenger; a 2-mercaptobenzothiazole antioxidant stabilizer present at a concentration of at least about 50 parts per million; and methyl alcohol present at a concentration of from about 50 to 5,000 parts per million.
it is it
